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(57) ABSTRACT

Systems and methods are used to analyze a sample using
variable mass selection window widths. A tandem mass spec-
trometer is instructed to perform at least two fragmentation
scans of a sample with different mass selection window
widths using a processor. The tandem mass spectrometer
includes a mass analyzer that allows variable mass selection
window widths. The selection of the different mass selection
window widths can be based on one or more properties of
sample compounds. The properties may include a sample
compound molecular weight distribution that is calculated
from a molecular weight distribution of expected compounds
or is determined from a list of molecular weights for one or
more known compounds. The tandem mass spectrometer can
also be instructed to perform an analysis of the sample before
instructing the tandem mass spectrometer to perform the at
least two fragmentation scans of the sample.

15 Claims, 4 Drawing Sheets
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1
SYSTEMS AND METHODS FOR USING
VARIABLE MASS SELECTION WINDOW
WIDTHS IN TANDEM MASS
SPECTROMETRY

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/818,186 filed Sep. 7, 2011, which claims the
benefit of U.S. Provisional Patent Application Ser. No.
61/380,916 filed Sep. 8, 2010, the disclosures of which are
incorporated by reference herein in their entireties.

INTRODUCTION

Both qualitative and quantitative information can be
obtained from a tandem mass spectrometer. In such an instru-
ment a precursor ion is selected in a first mass analyzer,
fragmented and the fragments analyzed in a second analyzer
or in a second scan of the first analyzer. The fragment ion
spectrum can be used to identify the molecule and the inten-
sity of one or more fragments can be used to quantitate the
amount of the compound present in a sample.

Single reaction monitoring (SRM) is a well-known
example of this where a precursor ion is selected, fragmented,
and passed to a second analyzer which is set to transmit a
single ion. A response is generated when a precursor of the
selected mass fragments to give an ion of the selected frag-
ment mass, and this output signal can be used for quantitation.
The instrument may be set to measure several fragment ions
for confirmation purposes or several precursor-fragment
combinations to quantitate different compounds.

The sensitivity and specificity of the analysis are affected
by the width of the mass window selected in the first mass
analysis step. Wide windows transmit more ions giving
increased sensitivity, but may also allow ions of different
mass to pass; if the latter give fragments at the same mass as
the target compound interference will occur and the accuracy
will be compromised.

In some mass spectrometers the second mass analyzer can
be operated at high resolution, allowing the fragment ion
window to be narrow so that the specificity can to a large
degree be recovered. These instruments may also detect all
fragments so they are inherently detecting different frag-
ments. With such an instrument it is feasible to use a wide
window to maximize sensitivity. Quantitation is achieved by
monitoring one or more fragment ions with high resolution,
and qualitative analysis can be performed using algorithms
that correlate the liquid chromatography (LC) profiles of the
fragments with the appropriate precursor masses even though
these are not selected directly.

BRIEF DESCRIPTION OF THE DRAWINGS

The skilled artisan will understand that the drawings,
described below, are for illustration purposes only. The draw-
ings are not intended to limit the scope of the present teach-
ings in any way.

FIG. 1 is a block diagram that illustrates a computer sys-
tem, upon which embodiments of the present teachings may
be implemented.

FIG. 2 is a schematic diagram showing a system for ana-
lyzing a sample using variable mass selection window
widths, in accordance with various embodiments.
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FIG. 3 is an exemplary flowchart showing a method for
analyzing a sample using variable mass selection window
widths, in accordance with various embodiments.

FIG. 4 is a schematic diagram of a system that includes one
or more distinct software modules that performs a method for
analyzing a sample using variable mass selection window
widths, in accordance with various embodiments.

Before one or more embodiments of the present teachings
are described in detail, one skilled in the art will appreciate
that the present teachings are not limited in their application
to the details of construction, the arrangements of compo-
nents, and the arrangement of steps set forth in the following
detailed description or illustrated in the drawings. Also, itisto
be understood that the phraseology and terminology used
herein is for the purpose of description and should not be
regarded as limiting.

DESCRIPTION OF VARIOUS EMBODIMENTS
Computer-Implemented System

FIG.1is ablock diagram that illustrates a computer system
100, upon which embodiments of the present teachings may
be implemented. Computer system 100 includes a bus 102 or
other communication mechanism for communicating infor-
mation, and a processor 104 coupled with bus 102 for pro-
cessing information. Computer system 100 also includes a
memory 106, which can be a random access memory (RAM)
or other dynamic storage device, coupled to bus 102 for
storing instructions to be executed by processor 104. Memory
106 also may be used for storing temporary variables or other
intermediate information during execution of instructions to
be executed by processor 104. Computer system 100 further
includes a read only memory (ROM) 108 or other static
storage device coupled to bus 102 for storing static informa-
tion and instructions for processor 104. A storage device 110,
such as a magnetic disk or optical disk, is provided and
coupled to bus 102 for storing information and instructions.

Computer system 100 may be coupled via bus 102 to a
display 112, such as a cathode ray tube (CRT) or liquid crystal
display (LCD), for displaying information to a computer user.
An input device 114, including alphanumeric and other keys,
is coupled to bus 102 for communicating information and
command selections to processor 104. Another type of user
input device is cursor control 116, such as a mouse, a trackball
or cursor direction keys for communicating direction infor-
mation and command selections to processor 104 and for
controlling cursor movement on display 112. This input
device typically has two degrees of freedom in two axes, a
first axis (i.e., x) and a second axis (i.e., y), that allows the
device to specify positions in a plane.

A computer system 100 can perform the present teachings.
Consistent with certain implementations of the present teach-
ings, results are provided by computer system 100 in response
to processor 104 executing one or more sequences of one or
more instructions contained in memory 106. Such instruc-
tions may be read into memory 106 from another computer-
readable medium, such as storage device 110. Execution of
the sequences of instructions contained in memory 106
causes processor 104 to perform the process described herein.
Alternatively hard-wired circuitry may be used in place of or
in combination with software instructions to implement the
present teachings. Thus implementations of the present teach-
ings are not limited to any specific combination of hardware
circuitry and software.

The term “computer-readable medium” as used herein
refers to any media that participates in providing instructions
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to processor 104 for execution. Such a medium may take
many forms, including but not limited to, non-volatile media,
volatile media, and transmission media. Non-volatile media
includes, for example, optical or magnetic disks, such as
storage device 110. Volatile media includes dynamic
memory, such as memory 106. Transmission media includes
coaxial cables, copper wire, and fiber optics, including the
wires that comprise bus 102.

Common forms of computer-readable media include, for
example, a floppy disk, a flexible disk, hard disk, magnetic
tape, or any other magnetic medium, a CD-ROM, digital
video disc (DVD), a Blu-ray Disc, any other optical medium,
athumb drive, a memory card, a RAM, PROM, and EPROM,
a FLASH-EPROM, any other memory chip or cartridge, or
any other tangible medium from which a computer can read.

Various forms of computer readable media may be
involved in carrying one or more sequences of one or more
instructions to processor 104 for execution. For example, the
instructions may initially be carried on the magnetic disk of'a
remote computer. The remote computer can load the instruc-
tions into its dynamic memory and send the instructions over
a telephone line using a modem. A modem local to computer
system 100 can receive the data on the telephone line and use
an infra-red transmitter to convert the data to an infra-red
signal. An infra-red detector coupled to bus 102 can receive
the data carried in the infra-red signal and place the data on
bus 102. Bus 102 carries the data to memory 106, from which
processor 104 retrieves and executes the instructions. The
instructions received by memory 106 may optionally be
stored on storage device 110 either before or after execution
by processor 104.

In accordance with various embodiments, instructions
configured to be executed by a processor to perform a method
are stored on a computer-readable medium. The computer-
readable medium can be a device that stores digital informa-
tion. For example, a computer-readable medium includes a
compact disc read-only memory (CD-ROM) as is known in
the art for storing software. The computer-readable medium
is accessed by a processor suitable for executing instructions
configured to be executed.

The following descriptions of various implementations of
the present teachings have been presented for purposes of
illustration and description. It is not exhaustive and does not
limit the present teachings to the precise form disclosed.
Modifications and variations are possible in light of the above
teachings or may be acquired from practicing of the present
teachings. Additionally, the described implementation
includes software but the present teachings may be imple-
mented as a combination of hardware and software or in
hardware alone. The present teachings may be implemented
with both object-oriented and non-object-oriented program-
ming systems.

Systems and Methods of Data Processing

As described above, the specificity of a method performed
on a tandem mass spectrometer, or mass spectrometry/mass
spectrometry (MS/MS) mass spectrometer, is improved by
providing the mass analyzer with a narrow mass selection
window width, or precursor mass selection window width. A
narrow mass selection window width is on the order of 1
atomic mass unit (amu), for example. Alternatively, the sen-
sitivity of the method can be improved by providing the mass
analyzer with a wide mass selection window width.

Typically, fragmentation scans occur at uniform mass
selection windows across a mass range. The mass range can
include, for example, a preferred mass range of the sample or
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the entire mass range of the sample. Therefore, the specificity
and sensitivity of the entire method analysis are determined
by the mass selection window width chosen for the mass
analyzer at the start of the analysis.

Recent developments in mass spectrometry hardware have
allowed the mass selection window width of a tandem mass
spectrometer to be varied or set to any value instead ofa single
value across a mass range. For example, independent control
of both the radio frequency (RF) and direct current (DC)
voltages applied to a quadrupole mass filter or analyzer can
allow the selection of variable mass selection window widths.
Any type of tandem mass spectrometer can allow the selec-
tion of variable mass selection window widths. A tandem
mass spectrometer can include one or more physical mass
analyzers that perform two or more mass analyses. A mass
analyzer of a tandem mass spectrometer can include, but is
not limited to, a time-of-flight (TOF), quadrupole, an ion trap,
a linear ion trap, an orbitrap, or a Fourier transform mass
spectrometer.

Variable Mass Selection Window Widths

In various embodiments, systems and methods allow the
selection of any mass selection window width within an
analysis at any time. Further, the value of the mass selection
window width chosen for a portion of the mass range is based
on information known about the sample.

Varying the value of the mass selection window width
across a mass range of an analysis can improve both the
specificity, sensitivity, and speed of the analysis. For
example, in areas of the mass range where compounds are
known to exist, a narrow mass selection window width is
used. This enhances the specificity of the known compounds.
In areas of the mass range where no compounds are known to
exist or there are few compounds of interest, a wide mass
selection window width is used. This allows unknown com-
pounds to be found, thereby improving the sensitivity of the
analysis. The combination of wide and narrow ranges allows
a scan to be completed faster than using fixed narrow win-
dows.

Also, by using narrow mass selection window widths in
certain areas of the mass range, adjacent mass peaks are less
likely to affect the analysis of the mass peaks of interest.
Some of the effects that can be caused by adjacent mass peaks
caninclude, but are not limited to, saturation, ion suppression,
or space charge effects.

As mentioned above, in various embodiments the value of
the mass selection window width chosen for a portion of the
mass range is based on information known about the sample.
In other words, the value of the mass selection window width
is adjusted across the mass range based on the known com-
plexity of the sample. So, where the sample is more complex
or has a large number of ions, narrower mass selection win-
dow widths are used, and where the sample is less complex or
has a sparse number of ions, wider mass selection window
widths are used. The mass selection window widths may also
be selected to meet certain criteria. For example, each mass
selection window width may be selected to contain the same
number of mass values. The complexity of a sample can be
determined by creating a sample compound molecular weight
distribution, for example.

A sample compound molecular weight distribution can be
created in a number of ways or from other properties of
known compounds of the sample. In addition, the sample
compound molecular weight distribution can be created
before data acquisition or during data acquisition. Further, in
various embodiments the sample compound molecular
weight distribution can be created in real-time during data
acquisition.
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Widths Based on a Molecular Weight Distribution

In various embodiments, a sample compound molecular
weight distribution can be created from a molecular weight
distribution of known compounds in the sample. The molecu-
lar weight distribution of known compounds in the sample is
then used to select the mass selection window widths across
the mass range.

For example, a curve or distribution can be generated for
known compounds of a sample. The known compounds can
include, but are not limited to, a genome, a proteome, a
metabolome, or a compound class, such as lipids. A histo-
gram is calculated for the distribution. The histogram fre-
quency is the number of compounds per interval of mass, for
example. The histogram frequency is then converted to mass
selection window widths using a conversion function. A con-
version function is the inverse of the histogram frequency, for
example. In other words, the mass selection window widths
are related to the inverse of the histogram frequency.

In various embodiments, the sample compound molecular
weight distribution can be calculated by adjusting a known
molecular weight distribution. For example, a known protein
molecular weight distribution can be adjusted to allow for
modified forms of known proteins.

Widths Based on a List of Molecular Weights

In various embodiments, a sample compound molecular
weight distribution can be created from a list of molecular
weights for target compounds. The sample compound
molecular weight distribution is then used to select the mass
selection window widths across the mass range.

For example, a list of molecular weights is created for
targets compounds, such as a pesticides. Molecular weight
distributions for the target compounds can then be obtained
from a pesticide database using the list of molecular weights,
for example. Narrow mass selection window widths are
selected for the target compounds based on these known
molecular weight distributions. New unknown compounds
may also be in the sample, however. As a result, areas in
between the target compounds are also examined. These areas
are examined using wider mass selection window widths.
Consequently, the sample compound molecular weight dis-
tribution includes narrow mass selection window widths for
the list of molecular weights for known target compounds and
wider mass selection window widths for the masses in
between, which allows the detection of other unexpected
compounds.

Widths Based on a Sample Analysis

In various embodiments, a sample compound molecular
weight distribution can be created by performing an analysis
of the sample before the subsequent analysis that uses the
variable mass selection window widths. This analysis of the
sample can include a complete analysis or a single scan. A
complete analysis includes, for example, a liquid chromatog-
raphy-mass spectrometry (LC-MS) analysis using a plurality
of'scans. A scan can be, but is not limited to, a survey scan, a
neutral loss scan, a product ion scan, or a precursor ion scan.

The analysis of the sample can be used to determine the
sample compound molecular weight distribution either
directly or indirectly from an interpretation of the data. The
sample compound molecular weight distribution is deter-
mined directly by obtaining one or more spectra from the
analysis and calculating the sample compound molecular
weight distribution from the one or more spectra.

The sample compound molecular weight distribution is
determined indirectly by interpreting the data from the analy-
sis and selecting a pre-calculated compound molecular
weight distribution based on that interpretation. For example,
an analysis of the sample can include a precursor scan. Inter-

10

15

20

25

30

40

45

50

55

60

6

preting the precursor scan can identify target product ions. A
pre-calculated compound molecular weight distribution is
then selected from a database for the identified target product
ions.

Whether a sample compound molecular weight distribu-
tion is determined directly or indirectly from an analysis, it is
used to define the mass selection window widths used in one
or more subsequent analyses.

Widths Calculated in Real-time

In various embodiments, an analysis to determine the
sample compound molecular weight distribution and a sub-
sequent analysis using mass selection window widths based
on the sample compound molecular weight distribution are
performed two or more times in a looped manner as a sample
is changing. If a sample is changing rapidly or in real-time,
there may not be enough time to calculate the compound
molecular weight distribution indirectly by interpreting the
data from the analysis.

Therefore, in various embodiments a scan of the sample to
determine the sample compound molecular weight distribu-
tion directly and a subsequent analysis using mass selection
window widths based on the sample compound molecular
weight distribution are performed two or more times in a
looped manner in real-time as a sample is changing. The
sample compound molecular weight distribution is deter-
mined directly by obtaining a spectrum from the scan and
calculating a sample compound molecular weight distribu-
tion from the spectrum, The subsequent analysis includes at
least two fragmentation scans using two different mass selec-
tion window widths determined from the sample compound
molecular weight distribution.

Other Parameters Based on a Sample Analysis

Other parameters of a tandem mass spectrometer are
dependent on the mass selection window widths that are
determined from an analysis of the sample. These other
parameters can include ion optical elements, such as collision
energy, or non-ion optical elements, such as accumulation
time.

As a result, in various embodiments the analysis of the
sample can further include varying one or more parameters of
the tandem mass spectrometer other than the mass selection
window width based on the sample compound molecular
weight distribution that is determined.

Tandem Mass Spectrometry System

FIG. 2 is a schematic diagram showing a system 200 for
analyzing a sample using variable mass selection window
widths, in accordance with various embodiments. System
200 includes tandem mass spectrometer 210 and processor
220. Processor 220 can be, but is not limited to, a computer,
microprocessor, or any device capable of sending and receiv-
ing control signals and data from mass spectrometer 210 and
processing data.

Tandem mass spectrometer 210 can include can include
one or more physical mass analyzers that perform two or
more mass analyses. A mass analyzer of a tandem mass
spectrometer can include, but is not limited to, a time-of-flight
(TOF), quadrupole, an ion trap, a linear ion trap, an orbitrap,
or a Fourier transform mass analyzer. Tandem mass spec-
trometer 210 can also include a separation device (not
shown). The separation device can perform a separation tech-
nique that includes, but is not limited to, liquid chromatogra-
phy, gas chromatography, capillary electrophoresis, or ion
mobility. Tandem mass spectrometer 210 can include sepa-
rating mass spectrometry stages or steps in space or time,
respectively.

Tandem mass spectrometer 210 includes a mass analyzer
that can perform fragmentation scans with variable precursor
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mass selection window widths. Processor 220 instructs tan-
dem mass spectrometer 210 to perform at least two fragmen-
tation scans of a sample with different mass selection window
widths.

In various embodiments, the mass selection window
widths are selected to contain the same number of mass
values.

In various embodiments, the mass selection window
widths are based on one or more properties of sample com-
pounds. The one or more properties of sample compounds
can include a sample compound molecular weight distribu-
tion, for example. Processor 220 can calculate the sample
compound molecular weight distribution using an isoelectric
point (pI) or a hydrophobicity of an expected compound in the
sample, for example.

In various embodiments, processor 220 calculates the
sample compound molecular weight distribution from a
molecular weight distribution of expected compounds in the
sample.

In various embodiments, processor 220 determines the
sample compound molecular weight distribution from a list
of molecular weights for one or more known compounds.

In various embodiments, processor 220 instructs tandem
mass spectrometer 210 to perform an analysis of the sample
before the processor instructs tandem mass spectrometer 210
to perform the at least two fragmentation scans of the sample
that are part of a subsequent analysis of the sample. The
analysis of the sample can include a single scan or two or
more scans.

In various embodiments, processor 220 receives data pro-
duced by the analysis from tandem mass spectrometer 210
and calculates the sample compound molecular weight dis-
tribution from this data. For example, the processor 220 cal-
culates the sample compound molecular weight distribution
by obtaining a spectrum from the data and calculating the
sample compound molecular weight distribution from the
spectrum.

In various embodiments, processor 220 receives data pro-
duced by the analysis from tandem mass spectrometer 210,
interprets the data, and determines the sample compound
molecular weight distribution from a pre-calculated sample
compound molecular weight distribution found from the
interpretation of the data.

In various embodiments, processor 220 instructs tandem
mass spectrometer 210 to perform the analysis and the sub-
sequent analysis two or more times in a looped manner in
real-time.

In various embodiments, processor 220 receives data pro-
duced by the analysis from tandem mass spectrometer 210,
determines the sample compound molecular weight distribu-
tion from the data, and instructs the tandem mass spectrom-
eter to also vary one or more parameters of the subsequent
analysis other than the mass selection window width based on
the sample compound molecular weight distribution.
Tandem Mass Spectrometry Method

FIG. 3 is an exemplary flowchart showing a method 300 for
analyzing a sample using variable mass selection window
widths, in accordance with various embodiments.

In step 310 of method 300, a tandem mass spectrometer is
instructed to perform at least two fragmentation scans of a
sample with different mass selection window widths using a
processor. The tandem mass spectrometer includes a mass
analyzer that can perform fragmentation scans at variable
mass selection window widths.

Tandem Mass Spectrometry Computer Program Product

In various embodiments, a computer program product

includes a tangible computer-readable storage medium
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whose contents include a program with instructions being
executed on a processor so as to perform a method for ana-
lyzing a sample using variable mass selection window
widths. This method is performed by a system that includes
one or more distinct software modules.

FIG. 4 is a schematic diagram of a system 400 that includes
one or more distinct software modules that performs a method
for analyzing a sample using variable mass selection window
widths, in accordance with various embodiments. System
400 includes mass selection window width module 410.

Mass selection window width module 410 instructs a tan-
dem mass spectrometer to perform at least two fragmentation
scans of a sample with different mass selection window
widths. The tandem mass spectrometer includes a mass ana-
lyzer that can perform fragmentation scans at variable mass
selection window widths.

While the present teachings are described in conjunction
with various embodiments, it is not intended that the present
teachings be limited to such embodiments. On the contrary,
the present teachings encompass various alternatives, modi-
fications, and equivalents, as will be appreciated by those of
skill in the art.

Further, in describing various embodiments, the specifica-
tion may have presented a method and/or process as a par-
ticular sequence of steps. However, to the extent that the
method or process does not rely on the particular order of
steps set forth herein, the method or process should not be
limited to the particular sequence of steps described. As one
of ordinary skill in the art would appreciate, other sequences
of' steps may be possible. Therefore, the particular order of the
steps set forth in the specification should not be construed as
limitations on the claims. In addition, the claims directed to
the method and/or process should not be limited to the per-
formance of their steps in the order written, and one skilled in
the art can readily appreciate that the sequences may be varied
and still remain within the spirit and scope of the various
embodiments.

What is claimed is:

1. A system for analyzing a sample using variable precur-
sor mass selection window widths, comprising:

a tandem mass spectrometer that includes a mass analyzer
that allows variable precursor mass selection window
widths across a mass range of a sample; and

a processor in communication with the tandem mass spec-
trometer that instructs the tandem mass spectrometer to
perform at least two fragmentation scans of at least two
variable precursor mass selection window widths with
different precursor mass selection window widths
across the mass range of the sample in a single scan of
the mass range.

2. The system of claim 1, wherein the processor further
instructs the tandem mass spectrometer to adjust one or more
different acquisition parameters for each different precursor
mass selection window.

3. The system of claim 2, wherein the acquisition param-
eters comprise one or more of an accumulation time, a colli-
sion energy, or a collision energy spread.

4. The system of claim 1, wherein the precursor mass
selection window widths are selected to contain the same
number of mass values.

5. The system of claim 1, wherein the precursor mass
selection window widths are based on one or more properties
of sample compounds.

6. The system of claim 5, wherein the one or more proper-
ties of sample compounds comprise a sample compound
molecular weight distribution.
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7. The system of claim 6, wherein the processor calculates
the sample compound molecular weight distribution from a
molecular weight distribution of expected compounds in the
sample.

8. The system of claim 6, wherein the processor determines
the sample compound molecular weight distribution from a
list of molecular weights for one or more known compounds.

9. The system of claim 6, wherein the processor instructs
the tandem mass spectrometer to perform an analysis of the
sample before the processor instructs the tandem mass spec-
trometer to perform the at least two fragmentation scans of the
sample that are part of a subsequent analysis of the sample.

10. The system of claim 9, wherein the processor receives
data produced by the analysis from the tandem mass spec-
trometer and calculates the sample compound molecular
weight distribution from the data.

11. The system of claim 10, wherein the processor calcu-
lates the sample compound molecular weight distribution by
obtaining a spectrum from the data and calculating the sample
compound molecular weight distribution from the spectrum.

12. The system of claim 9, wherein the processor receives
data produced by the analysis from the tandem mass spec-
trometer, interprets the data, and determines the sample com-
pound molecular weight distribution from a pre-calculated
compound molecular weight distribution found from the
interpretation of data.

13. The system of claim 9, wherein the processor instructs
the tandem mass spectrometer to perform the analysis and the
subsequent analysis two or more times in a looped manner in
real-time.
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14. A method for analyzing a sample using variable pre-
cursor mass selection window widths, comprising:

instructing a tandem mass spectrometer to perform at least

two fragmentation scans of at least two variable precur-
sor mass selection window widths with different precur-
sor mass selection window widths across a mass range of
a sample in a single scan of the mass range using a
processor, wherein the tandem mass spectrometer
includes a mass analyzer that allows variable precursor
mass selection window widths.

15. A computer program product, comprising a tangible
computer-readable storage medium whose contents include a
program with instructions being executed on a processor so as
to perform a method for analyzing a sample using variable
precursor mass selection window widths, the method com-
prising:

providing a system, wherein the system comprises one or

more distinct software modules, and wherein the distinct
software modules comprise a mass selection window
width module; and

instructing a tandem mass spectrometer to perform at least

two fragmentation scans of at least two variable precur-
sor mass selection window widths with different precur-
sor mass selection window widths across a mass range of
a sample in a single scan of the mass range using the
mass selection window width module, wherein the tan-
dem mass spectrometer includes a mass analyzer that
allows variable precursor mass selection window
widths.



